Tissue-resident macrophages (Mφ) are highly specialized phagocytes that actively contribute to organ homeostasis. This delicate task relies on their ability to sense and respond to challenges including metabolic changes, tissue damage and microbial insults, while performing tissue-specific functions to support surrounding cells and structures [@b0005]. Depending on the tissue in which they reside, Mφ may have to fulfill completely different tasks. For example, lung alveolar Mφ are specialized in removal and recycling of surfactant molecules produced by alveolar epithelial cells, while in the intestinal lamina propria, Mφ contribute to the local tolerogenic milieu [@b0010], [@b0015]. In the brain, resident Mφ, i.e. microglia, assist in synaptic pruning and provide neurotrophic factors such as brain-derived neurotrophic factor [@b0020]. Yet, resident Mφ populations are highly heterogeneous and can acquire distinct phenotypes in response to the dynamic environment within different tissues, paralleled by distinct gene-expression programs [@b0025]. Indeed, even within the same organ, a variety of different Mφ subtypes can be identified. In the intestine, Mφ residing in the muscular layer have a different gene-expression profile compared to those residing in the lamina propria [@b0030], while the genetic signature of lung alveolar Mφ differs from that of interstitial Mφ residing in the lung parenchyma [@b0035]. Also in the brain, different subpopulations of Mφ subtypes can be identified, including microglia, perivascular, meningeal and choroid plexus Mφ, undoubtedly each with a different and specific function [@b0040].

In the gastrointestinal (GI) tract, most studies have focused on the Mφ population present in the lamina propria (LpMφ). These immune cells play a crucial role in protecting the host against harmful micro-organisms and continuously phagocytose and clear luminal antigens that occasionally breach the epithelial layer. Furthermore, LpMφ express receptors for anti-inflammatory cytokines such as IL-10 that prevent unnecessary inflammation towards harmless commensal bacteria and install tolerance to harmless dietary antigens [@b0015], [@b0045]. Hence, loss of tolerance towards commensal bacteria or food antigens is believed to underlie chronic inflammation of the intestine, which can lead to inflammatory bowel diseases. However, the GI tract contains another important yet largely understudied subpopulation of resident Mφ that resides within the muscularis externa (MMφ). The recent awareness that these MMφ have a distinct gene expression profile and morphology compared to LpMφ provided evidence of the strong heterogeneity among intestinal Mφ [@b0030]. Although MMφ have important functions in GI motility during homeostasis and disease, they are largely neglected and far less defined compared to their lamina propria counterparts. In this review, we will focus on the current knowledge of MMφ and discuss their functions and phenotypes during homeostasis and pathological conditions. We will speculate on the unexplored topics of origin and longevity of MMφ, which are highly relevant factors to understand the complexity and the heterogeneity of the intestinal Mφ compartment.

1. Phenotypic characterization of muscularis macrophages {#s0005}
========================================================

Intestinal Mφ are highly heterogeneous cells that are abundantly present in different layers of the GI tract as shown in [Fig. 1](#f0005){ref-type="fig"}. The lamina propria contains the largest number of Mφ within the intestine and are mostly found in close proximity to the intestinal epithelium, where they phagocytose bacterial antigens and produce mediators that drive epithelial cell renewal [@b0050]. In contrast, Mφs in the muscularis externa are located distant from the intestinal lumen and are found in a dense network within the myenteric plexus, part of the enteric nervous system (ENS). Mφs are also present in lower numbers within the circular and longitudinal muscle layers of the muscularis externa and within the serosal layer, that separates the intestine from the peritoneum [@b0030]. Of note, a CX3CR1^hi^ Mφ population is also positioned within the submucosal plexus, located immediately below the lamina propria [@b0030]. Earlier histological studies confirmed the distribution of "macrophage-like" cells that were able to endocytose FITC-conjugated dextran particles in the muscularis externa of both mice and human [@b0055]. Depending on the position within the muscularis externa, CX3CR1^hi^ MMφ indeed display either a bipolar or stellate morphology, what could suggest that these Mφ represent at least two phenotypically different subsets ([Fig. 1](#f0005){ref-type="fig"}) [@b0030]. Interestingly, a similar stellate morphology is seen by microglia in the brain, that use their highly ramified filopodia to survey the brain parenchyma and actively communicate with surrounding neurons [@b0060].Fig. 1The localization and phenotype of muscularis macrophages. (Left panel) Anatomical overview of macrophage (Mφ) distribution in different layers of the gastrointestinal tract. (Upper right panel) Mφ (green, CX3CR1) located in the muscularis externa (MMφ) have a distinct morphology dependent on their position within circular and longitudinal muscle layers or myenteric plexus. MMφ in the myenteric plexus resemble microglia with a ramified, stellate shaped morphology and closely contact enteric neurons (red, TUBB3) and myenteric ganglia (blue, HUC/D). (Lower right panel) MMφ express typical Mφ-specific surface markers such as CX3CR1, CD64 and F4/80. They are characterized by their tissue-protective genetic signature, such as the expression of *Arg1*, *Cd163*, *Ccl17*, *Retnla* and *Ald1a2*. SmPlx = submucosal plexus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Phagocytes in the muscularis externa were initially identified based on their high expression levels of MHC class II and together with their antigen-presenting functions, they were originally classified as dendritic cells (DCs) [@b0065]. Defining the exact nature of these cells in the muscularis externa was stifled by the lack of a clear panel of surface markers and the phenotypic similarities with LpMφ in whole-intestinal tissue preparations. To date, MMφ are typically identified based on flow cytometric analysis. Single cell suspensions can be obtained from the muscularis externa by using a protocol to mechanically separate and enzymatically digest the different layers of the intestinal tract [@b0070]. This approach demonstrated that high expression levels of CX3CR1, F4/80 and CSF1-R and the absence of CD103 comprehensively distinguish Mφ from DCs in separate layers of the intestinal tract, including the muscularis externa. In contrast to the lamina propria, mainly populated by MHCII^hi^CX3CR1^hi^CD11c^hi^ Mφ, the muscularis externa is exclusively populated by MHCII^hi^ CX3CR1^hi^ Mφ that express low levels of CD11c [@b0070]. However, the presence of a minor population of CD11c^−/low^ cells within the lamina propria does not allow the use of CD11c to distinguish MMφ in whole-intestinal tissue preparations (own observations). Of note, MHCII^hi^CX3CR1^hi^ cells within the muscularis externa also express the Mφ-specific gene marker *Fcgr1* (encoding for CD64). CSF-1 is crucial for the differentiation and maintenance of MMφ, which seem to be more dependent on the CSF-1R than LpMφ as indicated by the nearly absence of MMφ compared to the significant reduction in LpMφ in *Csf1r*^−/−^ mice [@b0070], [@b0075]. Finally, together with their characteristic large vesicular cytoplasm, MMφ can be defined as bona fide Mφ. Altogether, despite their original classification as DCs, the Mφ phenotype within the muscularis externa is now well-defined based on a panel of Mφ -specific surface markers. Nevertheless, a clear phenotypic discrimination from LpMφ requires additional surface markers, yet further characterization of MMφ is highly awaited especially as this cell population appears to be heterogeneous.

The genetic signature of MMφ appears to differ from their lamina propria counterparts \[6; own unpublished results\]. Gabanyi and colleagues demonstrated that LpMφ express higher expression levels pro-inflammatory genes including *Il1b* and *Il12b*, likely instructed by signals from the microbial lumen or epithelial cells [@b0030]. In contrast, MMφ exhibit a tissue-protective phenotype that includes the expression of M2-associated genes such as *Arg1*, *Chi3l3* and *Cd163*. Interestingly, this signature is further upregulated in response to bacterial infection as a consequence of neuro-immune crosstalk between MMφ and enteric neurons [@b0030]. Thus, MMφ are functionally adapted to and most likely imprinted by their surrounding environment, primarily consisting of the ENS. The mediators involved however remain to be identified.

2. Muscularis macrophage function: A 'Give-and-Take' relationship with the ENS {#s0010}
==============================================================================

The ENS consists over 100 million neurons and glial cells that reside in the myenteric and submucosal plexus of the gut [@b0085]. Hence, this "little brain of the gut" conducts many vital GI functions including the regulation of secretion and absorption and modulation of blood flow, coordinated by sensory neurons, motor neurons and interneurons. Additionally, the ENS closely communicates with various immune cells including MMφ by both intrinsic and extrinsic neural mechanisms, to ensure appropriate tissue-protective reactions to pathogens and inflammatory stimuli ([Fig. 2](#f0010){ref-type="fig"}) [@b0090].Fig. 2Muscularis macrophages contribute to tissue-protective functions during steady-state and disease. (Left) Muscularis macrophages (MMφ) are actively communicating with surrounding neurons, being imprinted by neuronal-derived CSF-1 for their maintenance and development. Conversely, MMφ sustain neuronal function and motility via BMP2 secretion. In addition, MMφ participate in the phagocytosis of surrounding neurons. (Right) MMφ are involved in tissue protection during disease conditions. During postoperative ileus, vagus nerve stimulation can activate enteric neurons, leading to increased production of acetylcholine, and dampening of MMφ. This reduces inflammation and accelerates the recovery of motility. Moreover, MMφ exert a M2-like signature that is enhanced upon enteric infection and express the enzyme heme oxygenase-1 (HO-1), that exerts a protective effect on neurons during diabetes.

2.1. Crosstalk between muscularis macrophages and intrinsic neurons {#s0015}
-------------------------------------------------------------------

In a murine model of postoperative ileus (POI), a condition characterized by impaired contractility of the intestine due to inflammation of the muscularis externa, it was shown by our group that vagus nerve stimulation reduced intestinal inflammation by activation of cholingeric enteric neuron that are in close contact with MMφ [@b0085]. This MMφ-dampening effect is most likely coordinated by intrinsic neurons, since vagal efferents in the myenteric plexus synapse with cholinergic myenteric neurons but not directly with MMφ [@b0095]. Also under steady-state conditions, enteric neurons closely interact with Mφ and contribute to their survival and maintenance. Enteric neurons indeed constitutively produce the growth factor CSF-1, necessary for MMφ survival and maintenance, as shown by the lack of MMφ in genetically-engineered *Csf1^op/op^* mice, which possess an inactivating mutation in the *csf-1* gene [@b0080]. CSF-1 mediated control of Mφ survival was related to commensal bacteria colonization as microbial-derived signals stimulated enteric neuron expression of CSF-1. Conversely, MMφ have a supportive M2-like phenotype that supports neuronal function whereby they actively contribute to proper neuronal function and gut motility during homeostasis through the secretion of BMP2, that binds to its receptor BMPRII expressed on enteric neurons. The importance of this MMφ-secreted factor was demonstrated in mice treated with an inhibitor of BMP2, that exhibit altered intestinal contractility correlated with decreased nuclear staining for phosphorylated SMAD1/5/8 in enteric neurons. Moreover, the absence of MMφ in *Csf1^op/op^* mice is associated with an increased density of enteric neurons, and a less organized architecture of the myenteric plexus [@b0080]. This is in line with recent data showing phagocytosis of neuronal debris by MMφ during steady-state, suggesting a role for MMφ in actively shaping the ENS [@b0105]. Intriguingly, this suggests that MMφ exert a similar function as microglia in the brain, known to be involved in removing apoptotic neurons from both the developing and adult central nervous system (CNS) [@b0110], [@b0115], [@b0120]. This process is detrimental to avoid inflammation in the adult brain or to regulate neurogenesis in the developing brain. During development, microglial phagocytic capacity is dependent on TREM2 expressed by microglial cells, since TREM2 deficiency resulted in impaired clearance of apoptotic neurons and induced the expression of TNF-α and IL-1β [@b0125]. In contrast, phagocytosis of apoptotic neurons during adult CNS neurogenesis is dependent on MERTK [@b0120]. Of interest, TREM2 and MERTK are also highly expressed by MMφ and LpMφ (own observations). Apart from their global role in the removal of dead neurons, microglia directly contact neuronal synapses to mediate a process termed 'synaptic pruning', the selective elimination of synapses and axon branches mainly during postnatal development [@b0130]. Interestingly, deficiency in *Cx3cr1*, the chemokine receptor that is highly expressed by both microglia and intestinal Mφ, resulted in impaired synaptic pruning associated with a deficient CNS circuitry [@b0130]. Whether MMφ are involved in shaping the ENS remains to be identified, but it is not unlikely that the mechanisms used by microglia to affect neuronal development in the CNS can be extrapolated to MMφ in the ENS. Taken together, the above summarized observations clearly indicate that MMφ and intrinsic enteric neurons bidirectionally communicate and support each other's function. Whether such neuro-immune communication analogous to the muscularis externa holds true for Mφ in the submucosal plexus remains to be identified.

2.2. Extrinsic innervation modulates muscularis macrophages {#s0020}
-----------------------------------------------------------

In addition to intrinsic innervation, the gastrointestinal tract is extrinsically innervated by the sympathetic and parasympathetic system. MMφ express receptors for the neurotransmitter norepinephrine, in particular the adrenoreceptor beta2 (Adrb*2*). Moreover, MMφ reside in close approximation to tyrosine hydroxylase^+^ adrenergic fibers in the myenteric plexus, suggesting the possible involvement of adrenergic immune-modulation in the modulation of MMφ (as discussed below) [@b0135].

3. Origin and turnover of intestinal macrophages: What about the muscularis externa? {#s0025}
====================================================================================

Most tissue-resident Mφ are derived from yolk sac or fetal liver embryonic precursors that seed the tissues prenatally and differentiate into Mφ [@b0140]. During adulthood, depending on the tissue, these progenitors maintain the Mφ population by local proliferation or alternatively, they are replaced by circulating bone marrow-derived monocytes. Microglia represent one extreme of the ontological spectrum, as they are almost exclusively derived from embryonic precursors that persist throughout adulthood without contribution of circulating monocytes, at least in steady state conditions [@b0140]. Other tissue-resident Mφ, for example Langerhans cells in the skin and cardiac Mφ, represent a more mixed origin and are derived from both embryonic and adult bone marrow-derived monocytes [@b0145], [@b0150].

In the lamina propria, commensal bacteria facing the lumen cause an ongoing low-grade inflammation that is counterbalanced by the tolerogenic phenotype of the Mφ. This homeostatic challenge is associated with a high Mφ turnover rate demanding a continuously replacement by incoming short-lived bone marrow-derived monocytes [@b0155]. In contrast, studies on the origin and turnover of MMφ are largely lacking. Earlier imaging studies in embryos and newborn mice demonstrate the presence of MHCII^+^ Mφ in different layers of the muscularis externa, including the myenteric plexus and external muscular layers [@b0160]. Moreover, CX3CR1^+^ embryonic MMφ appear as early as 8.5 days post-conception, before the onset of neurogenesis and the formation of a complete functional myenteric plexus (own unpublished results). Interestingly, these embryonic progenitors persist for at least 6 weeks after birth and are located in close contact to myenteric neurons. In contrast, MMφ that are associated with the longitudinal and circular muscle seem to arise from postnatal bone marrow-derived monocytes. Through the use of elegant fate mapping studies, the intriguing notion of mixed Mφ origins during adulthood was already investigated in several other organs including the brain and the heart. These studies are mainly based on transgenic mice that harbor promotor-specific tamoxifen-inducible Cre recombinase activity under the control of Mφ-specific promotors (*Cx3cr1* or *Csf1r*) and are crossed to transgenic mice that express a fluorescent reporter under the control of the constitutive promotor *Rosa26* [@b0135]. By using this strategy, researchers can track and trace embryonic progenitors and resident Mφ and discriminate them from rapidly replaced bone marrow monocytes. This approach revealed that microglia in the brain are exclusively derived from embryonic progenitors, with an exception to Mφ in the choroid-plexus that are partially replaced by monocytes over time [@b0040], [@b0140]. As myenteric plexus-residing MMφ are also settled in close contact to enteric neurons, it is tempting to speculate that these cells might have a similar origin as microglia. In contrast, fate-mapping studies indicated that cardiac Mφ are embryonically-derived and present in newborn mice but are slowly replaced by monocyte-derived Mφ during adulthood. This increasing contribution of monocyte-derived Mφ to the resident Mφ pool might be explained by the inability of resident embryonic Mφ to cope with mechanical stress induced over time by the contracting cardiac muscle, thus providing a stimulus for monocyte recruitment in order to maintain organ homeostasis. These examples demonstrate how the longevity of Mφ is determined by the tissue context, either vulnerable tissues such as neurons that need continuous protective support by a steady population, or tissues that require freshly recruited monocytes to ensure tissue homeostasis as exemplified by the heart and lamina propria. It is tempting to speculate that such a concept holds true for the muscularis externa.

4. Muscularis macrophages have detrimental roles in gastrointestinal disorders {#s0030}
==============================================================================

Although insight into the physiological role of MMφ is still rather limited, several studies clearly indicate a key role in GI disorders such as postoperative and septic ileus, intestinal ischemia-reperfusion (I/R) damage and gastroparesis [@b0165]. These disorders are characterized by impaired GI motility and/or transit, evoked by the activation of MMφ or loss of their tolerogenic phenotype. Not only smooth muscle function, but also interstitial cells of Cajal (ICC), the pacemaker cells of the gut, and neurons are affected by this process, further emphasizing their crucial role in maintaining tissue homeostasis and function. Hence, MMφ are increasingly recognized as an interesting target for treatment, urging the need for more insight in their function, both in health and disease.

4.1. Postoperative ileus {#s0035}
------------------------

POI is a condition characterized by transient impaired GI motility [@b0170], [@b0175] following each abdominal surgical procedure. This leads to clinical symptoms such as nausea, vomiting, intolerance to solids, inability to defecate and ultimately prolonged hospitalization [@b0180], [@b0185]. Although minimal invasive surgery and multimodal enhanced recovery programs have reduced the duration of POI, it still occurs after each abdominal surgical procedure with an estimated socio-economical burden of 1.4 billion dollar per year in the USA alone [@b0190], [@b0195], [@b0200]. Nevertheless, treatment of POI remains merely symptomatic as efficient therapies restoring gut motility are lacking, largely due to a limited insight in its pathophysiology.

Bauer [@b0170] and co-workers were the first to recognize that POI resulted from a subtle inflammatory response localized in the muscularis externa leading to a prolonged inhibition of muscle contractility. Of note, they showed that surgical manipulation of the intestine leads to activation of MMφ initiating an inflammatory cascade of events in the muscularis externa [@b0170], [@b0205]. This included the upregulation of several transcription factors (i.e. NF-kB, STAT3 [@b0210], [@b0215] and p38-MAPK [@b0220], early growth response protein 1 [@b0225]) in MMφ, with subsequent induction of pro-inflammatory gene expression and the release of chemokines, cytokines (i.e. IL1, MCP1, IL6, TNFα) ([@b0210], [@b0230], [@b0235] and kinetically active substances (i.e. NO and prostaglandins) [@b0240], [@b0245], [@b0250], [@b0255], [@b0260], [@b0265]. This inflammatory process contributes to the upregulation of adhesion molecules and recruitment of circulating leukocytes such as neutrophils and monocytes, a finding temporally correlated with impaired intestinal motility in both mice and human [@b0170], [@b0175], [@b0205], [@b0270], [@b0275]. Previous reports showed that depletion of MMφ by clodronate liposome abrogated leukocyte recruitment and prevented POI. In line, *Csf1^op/op^* mice were also shown to be protected against POI, further underscoring the crucial role of MMφ in the pathogenesis of POI [@b0280], [@b0285]. Interestingly, we have recently shown that monocyte-derived MMφ have a pro-resolving function after the induction of POI, essential to abrogate neutrophil recruitment and the induction of collagen deposition [@b0290]. The accumulation and differentiation of these pro-resolving MMφ are crucial for a correct resolution of the inflammatory process and restoration of tissue homeostasis, since blocking of monocyte migration in *C--C motif chemokine receptor 2* (*CCR2*)-deficient mice has dramatic effects on the recovery of the GI transit after manipulation-induced inflammation. Of note, these findings were also associated with alterations in enteric ganglia and persistent impaired neuromuscular function [@b0290]. Interestingly, ICC are also closely associated with MMφ. The former cells are negatively affected by the inflammatory response during POI. Indeed, IL6 released by MMφ upregulated miR-19a, an inflammation-related miRNA, during GI surgery which was associated with a decreased number of ICC, suggesting that impaired motility during POI can also be the result of damage to ICCs [@b0295]. To date, it however remains to be elucidated whether a bidirectional interaction exists between MMφ and ICC.

4.2. Gastroparesis {#s0040}
------------------

Gastroparesis is a condition characterized by delayed emptying of the stomach in the absence of an organic cause. It mainly occurs in patients suffering from diabetes or patients who underwent esophageal or gastric surgery, although in approximately one-third no cause can be identified. Its prevalence was reported to be as high as 40% in patients with type I diabetes and 20% in patients with type II diabetes, leading to a socio-economical burden of 3500 million/year in the USA alone [@b0300], [@b0305]. Gastroparetic patients present with symptoms such as weight loss, nausea, early satiation, abdominal bloating and postprandial fullness. Until recently, the mechanisms contributing to the inability of the stomach to properly handle its contents were far from understood. Emerging evidence however has revealed a major role for MMφ. Under steady state conditions, the MMφ in the stomach have a typical M2-like phenotype, as evidenced by expression of CD206. Farrugia and colleagues however provided compelling evidence that they lose their tolerogenic phenotype in response to oxidative stress, a phenomena associated with diabetes [@b0310]. Loss of M2-like MMφ, especially those expressing heme oxygenase-1 (HO-1), has been associated with the loss of ICC and neuronal nitric oxide synthase-expressing neurons [@b0315]. As a result, gastric motility is severely disturbed resulting in delayed gastric emptying [@b0300]. Strikingly, the depletion of MMφ using *Csf1^op/op^* mice was protective against the development of gastroparesis in diabetic mice [@b0320]. These findings suggest that although anti-inflammatory M2-like MMφ protect against gastroparesis, M1-like MMφ cause significant damage to the key players in gastric motility, i.e. ICC and enteric neurons [@b0320], [@b0325], [@b0330]. Also in patients with diabetic gastroparesis, ICCs are reduced in number, a finding that is associated with a reduction in number of CD206^+^ MMφ. This clearly illustrates the role of MMφ in the pathogenesis of gastroparesis [@b0335], [@b0340], [@b0345].

4.3. Intestinal ischemia-reperfusion injury {#s0045}
-------------------------------------------

Intestinal I/R injury is a severe condition resulting from hemorrhagic shock, cardiac arrest or arterial occlusion, but can also be a complication of surgical procedures such as intestinal transplantation or abdominal aortic surgery [@b0350]. The ischemic event causes severe cellular damage and organ injury leading to disruption of the intestinal barrier. This enables bacterial translocation, a potent trigger for the activation of innate immune system, in particular MMφ [@b0355], [@b0360]. Intestinal I/R injury has been shown to switch MMφ towards a pro-inflammatory phenotype [@b0365]. Similar to POI, these classically M1-like Mφ release pro-inflammatory cytokines (i.e. IL6, IL8, MCP-1) causing the recruitment of circulating leukocytes that subsequently reduce smooth muscle function and impair gut motility through nitric oxide release [@b0360], [@b0370], [@b0375]. The impaired spontaneous mechanical contractile activity was also associated with functional changes of ICC networks, most likely caused by the inflammatory response in intestinal I/R injury [@b0380]. Of note, the phenotypic alterations of ICC following I/R injury were only transient, indicating a central role in both disrupting and restoring gut motility in I/R injury. Similar to POI and diabetic gastroparesis, future research should further focus on the existence of a bidirectional interaction between MMφ and ICC.

5. Potential therapeutic strategies to target muscularis macrophages {#s0050}
====================================================================

Given that MMφ are the orchestrators of the inflammatory cascade in the muscularis externa, inhibition/prevention of their activation or restoration of their M2-like tolerogenic phenotype may proof an interesting novel approach to treat gastroparesis and prevent POI or I/R damage [@b0385], [@b0390].

5.1. The vagal or cholinergic anti-inflammatory pathway and resident muscularis macrophages {#s0055}
-------------------------------------------------------------------------------------------

The group of Tracey was the first showing that Mφ can be modulated by the nervous system, in particular by the vagus nerve. In a model of sepsis, electrical activation of the vagus nerve (VNS) improved survival by dampening TNF production in the spleen. This effect was shown to be mediated by acetylcholine interacting with alpha7 nicotinic receptors (α7nAChR) expressed by splenic Mφ. These observations lead to the introduction of the cholinergic anti-inflammatory pathway (CAIP) and was proposed as a novel additional mechanism to control the immune system [@b0395]. Since then, given the role of Mφ, including MMφ, in a variety of diseases, the therapeutic potential of the vagus nerve or the CAIP has been a novel and exciting area of research. In the following paragraphs, the evidence supporting MMφ as potential target for modulation by the CAIP is briefly summarized.

5.2. Postoperative ileus {#s0060}
------------------------

Our group and others have convincingly demonstrated that also in the gut, VNS has anti-inflammatory properties via modulation of MMφ (reviewed in [@b0165], [@b0400]). Indeed, we found that VNS reduces muscular inflammation and improves POI [@b0215], [@b0405], an effect mediated by the release of acetylcholine acting on α7nAChR-positive MMφ [@b0100], [@b0410]. Especially as we showed that vagal nerve endings synapse with enteric neurons, but not directly with MMφ, the effect of VNS in the intestine seems to be rather mediated by cholinergic enteric neurons [@b0095]. Ongoing work has indeed revealed immunomodulatory properties of enteric neurons dampening the activation of MMφ (unpublished data). Of interest, the therapeutic effect of VNS can be mimicked by pharmacological or nutritional (i.e. enteral feeding) activation of the vagus nerve. Of note, activation of vagal afferents by high fat enteral feeding stimulates the vagal anti-inflammatory pathway, an effect mediated by the release of cholecystokinin [@b0415]. This intervention reduces manipulation-induced muscular inflammation and accelerates the recovery of GI motility in POI [@b0420]. Also in clinical practice, early enteral feeding improves recovery of gut motility, as shown by a reduction in the time to first defecation and hospital stay in patients undergoing major abdominal surgery [@b0425]. In line, sham feeding and gum chewing seems to have therapeutic potential in patients undergoing abdominal surgery [@b0430]. However, larger clinical studies are required to confirm these findings.

5.3. Diabetic gastroparesis {#s0065}
---------------------------

To date, effective therapies for diabetic gastroparesis are largely lacking. Based on the above, targeting MMφ might however be a novel therapeutic approach. Of interest, HO-1 is induced in M2-like MMφ to protect against the oxidative stress during diabetes. HO-1 is a rate-limiting enzyme catalyzing heme into CO and biliverdin, both compounds with known anti-inflammatory properties. Loss of HO-1^+^ M2-like MMφ was shown to be strongly correlated with the development of gastroparesis. In this regard, induction of HO-1 using various pharmacological approaches might prevent the development of gastroparesis. Indeed, administration of hemin, a potent inducer of HO-1, was able to sustain the expression of HO-1 in MMφ and subsequently reverse delayed gastric emptying in mice [@b0310], [@b0315]. Of interest, hemin administration was also able to induce the expression of HO-1 in healthy volunteers [@b0435]. In patients with diabetic gastroparesis however, this upregulation of HO-1 did not result in the acceleration of gastric emptying [@b0440]. As CO is the end-product of HO-1 activity, inhalation of CO was also applied to mice with diabetic gastroparesis [@b0445]. Similar to POI, CO-based treatments prevented gastroparesis via upregulation of HO-1 and IL-10 in MMφ and possibly also by inhibition of the p38 MAPK pathway [@b0310], [@b0450], [@b0455]. The advantage of these CO-based treatments is that it could be administered acutely in the vicinity of the target site by intraperitoneal injection [@b0460].

5.4. Intestinal ischemia-reperfusion injury {#s0070}
-------------------------------------------

Intestinal transplantation is more challenging than transplantations of other solid organs due to the high immunogenicity of the gut [@b0465]. Even though recent advances in surgical techniques and immunosuppressive therapy have improved the outcome of intestinal transplantation over the last decade, acute graft rejection in the first 90 days still occurs in about 30--50% of graft recipients and about 15% of the patients continue to experience chronic rejection. Accordingly, this is accompanied by a poor 5-year patient survival of approximately 50% [@b0470].

One of the main challenges of intestinal transplantation is graft injury, which is initiated, in addition to other factors, by brain death of the donor, surgical manipulation of the intestine and inevitable I/R injury [@b0475], [@b0480]. As discussed previously, these events activate MMφ inducing intestinal inflammation and disruption of the intestinal barrier. Of note, Schaefer and colleagues demonstrated that graft MMφ are indeed major players orchestrating the inflammatory response after intestinal transplantation. Isogenic transplantation of an intestinal graft in which MMφ are depleted by clodronate liposomes in combination with gadoliniumchloride, reduced the recruitment of leukocytes and improved the gut motility [@b0355]. Of note, the authors were not able to completely deplete the MMφ. Nevertheless, restricting the graft MMφ population did result in a significant alleviation of molecular and cellular inflammatory events within the graft muscularis and subsequent improvement of graft smooth muscle contractility. Moreover, administration of CPSI-2364, known to centrally activate the CAIP, also reduced muscularis inflammation and improved graft motility [@b0480]. Interestingly, preclinical evidence in other models of I/R injury suggests that electrical stimulation of the vagus nerve [@b0485], [@b0490], [@b0495] and administration of α7nAChR agonists [@b0500], [@b0505], [@b0510] could also be potential therapeutic approaches for intestinal I/R injury after intestinal transplantation, but further research is definitely warranted.

Similar to POI and diabetic gastroparesis, induction of endogenous HO-1 using various pharmacological approaches ameliorates intestinal I/R injury. Indeed, preoperative intervention with hemin, the substrate of HO-1, resulted in reduced intestinal inflammation and improved gut motility after intestinal I/R injury. In line, inhalation of CO also protected the intestine from I/R injury following intestinal transplantation [@b0515]. Of interest, *ex vivo* perfusion of the intestinal graft with 5% CO significantly reduced the intestinal I/R injury [@b0520]. These data provide strong evidence that targeting MMφ is an extremely exciting approach to prevent the development of I/R injury, improve the quality and survival of the intestinal graft and thus may significantly impact on the survival of patients undergoing intestinal transplantation.

5.5. Extrinsic adrenergic (sympathetic) innervation in GI disorders {#s0075}
-------------------------------------------------------------------

As mentioned earlier, under steady state conditions, MMφ preferentially express M2-like tissue-protective and wound healing genes. Of interest, during enteric infection with *Salmonella typhimurium*, the M2-like genes *Arg1* and *Chi3l3* were further upregulated, an effect mediated by norepinephrine acting on Adrb2 [@b0030]. In line, β2-AR agonists (i.e. noradrenaline and salbutamol) also mediate the induction of M2-like genes in Adrb2-postive MMφ, whilst β2-AR antagonists (i.e. butaxamine) and the genetic ablation of Adrb2 impair the upregulation of M2-related genes both in steady state and during enteric infection [@b0030], [@b0525]. These findings provide evidence that MMφ are modulated by sympathetic neural signals, most likely to protect the ENS from further damage. Nevertheless, it remains to be elucidated whether β2-AR agonists could affect the clinical outcome in Mφ-mediated GI disorders, such as POI, gastroparesis and intestinal I/R injury. Interestingly, however, preclinical evidence in other disease models suggests that selective activation of β2-adrenergic signaling may indeed have therapeutic benefits by inhibition of M1-like MMφ or re-polarization into M2-like MMφ. In more detail, β2-AR agonists exhibited protective effects against kidney and cardiovascular complications of diabetes mediated by their Mφ-modulating properties [@b0530]. In line, β2-AR antagonists reduced survival and promoted tissue injury in animal models of endotoxemia and LPS-induced acute lung injury [@b0535]. Further studies are however required to evaluate their potential therapeutic properties in MMφ -mediated disorders.

6. Conclusions {#s0080}
==============

Altogether, muscularis Mφ are specialized phagocytes that fulfill crucial roles in the maintenance of intestinal homeostasis and motility. They exist in different subpopulations dependent on their location within the muscularis externa and are intimately communicating with their microenvironment to acquire a tissue-protective profile and dampened activation state. These unique features are detrimental to control local inflammatory responses that could lead to nervous tissue damage and loss of intestinal motility. Nevertheless, the secreted factors involved in neuron-Mφ crosstalk in the muscularis externa remain largely unknown. Moreover, many other important features such as origin and longevity remain to be fully explored. Indeed, it is unclear whether the paradigm of continuous monocyte replacement in the intestine is applicable to MMφ residing in the myenteric plexus. Nevertheless, genetic fate-mapping tools are now available to define the exact origin of the MMφ, to further elucidate Mφ heterogeneity within the gastrointestinal tract and to understand their functions during health and disease.
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